A study on the nuclear characteristics of an axially decoupled core was performed through a series of experiments using the solid moderator core in the Kyoto University Critical Assembly (KUCA). In the axially decoupled core which has an internal blanket between the upper and lower cores, the measured differential reactivity worth of a control rod moving axially was apparently asymmetric between the two core regions. Since it was considered that this phenomenon was attributed to the neutron flux tilt caused by the axial movement of control rods during the measurement of differential worth, the axial reaction rate distributions were measured by gold wires with and without a cadmium tube. It was found that the reaction rate distribution was remarkably tilted by changing the pattern of control rods inserted in the core to maintain the critical state, and that the flux distribution was tilted without energy dependency. The value of first-order eigenvalue separation was obtained using the relation between the neutron flux tilt and the first-mode eigenvalue separation based on the Explicit Higher-order Perturbation (EHP) method. This value agreed with the calculated result by the SRAC system.
I. INTRODUCTION
Several concepts(1)(2) of the axially heterogeneous core have been proposed for both Fast Breeder Reactors (FBRs) and High Conversion Light Water Reactors (HCLWRs) to reduce the positive void reactivity and to maintain the breeding ratio (or the conversion ratio) of nuclear fuel which tends to decrease by introducing the heterogeneity into the core. Several experiments for axially heterogeneous FBR cores were carried out to confirm the accuracy of analytic method for axially heterogeneous cores by using the critical assemblies(3)- (5) . An axially heterogeneous HCLWR proposed by Japan Atomic Energy Research Institute (JAERI) consists of two flat cores with the intention of increasing neutron leakage in the axial direction to attain the negative void reactivity, and it has a disk-shaped internal blanket between the two cores for the purpose of maintaining conversion ratio (2) . This type of core is essentially a kind of coupled cores, therefore, a problem related to the spatial neutronic decoupling might occur when the neutronic coupling becomes loose by the core separation into two regions. In a decoupled core, when a perturbation is introduced locally, the profile of the neutron flux distribution is changed remarkably by the excitation of higher-mode components. The change in the neutron flux distribution accompanied by the excitation of higher-mode components is called "flux tilt" which often causes serious influence to the nuclear characteristics of the core. As increasing core size of FBR, the decoupling problem has emerged as an issue related to the stability or the controllability in reactor operation. A typical example is the excitation of higher-mode components in the radial direction at the FBR demonstration core Superphenix-1 (6) . Extensive examinations were carried out using radially heterogeneous cores constructed in the Zero-Power Physics Reactor (ZPPR) to clarify the decoupling problem(7) (8) . Recently, the instability in Boiling Water Reactors (BWRs) is being intensively studied in relation with the decoupling problem (9) . As an index of the neutronic decoupling or the spatial stability of the core, the eigenvalue separation was introduced by Stacey(10) , which is defined as the difference between the inverse of the fundamental and the higher-mode eigenvalues of the lamda-mode static equation. The eigenvalue separation indicates the liability of the excitement of higher mode components in comparison with the fundamental mode; the eigenvalue separation becomes smaller as the neutronic coupling becomes looser. The eigenvalue separation is a very useful criterion to specify the neutronic decoupling of a core and has been measured for several cores(11)- (15) .
In the axially heterogeneous core, axial neutronic coupling is loose in comparison with the radially heterogeneous cores or the homogeneous cores. The highermode components will be easily excited in the axial direction when the core is axially decoupled. The control rods are driven in the axial direction through separated cores in the axially heterogeneous core, whereas in a radially heterogeneous core, the control rods are driven through axially homogeneous region. From this difference, when a control rod is inserted in an axially decoupled core, the core will show different neutronic features from a radially heterogeneous core studied in the ZPPR experiments. The control rods are usually inserted into the core partially in the axial direction in existing light water reactors (LWRs), which might cause a certain effect on the reactor operation and safety due to the flux tilt. Therefore it is considered to be useful to examine an extreme case for the better understanding of the mechanism.
In the present study, a series of experiments was carried out to investigate neutronic characteristics of an axially decoupled core at the Kyoto University Critical Assembly (KUCA). In particular, the influence of the flux tilt on the control rod reactivity worth was investigated. The profile of the flux tilt caused by control rods' insertion was evaluated in detail by means of reaction rate measurements. The theoretical formulation to obtain the eigenvalue separation was derived using the Explicit Higher-order Perturbation (EHP) method and was applied to the measured data.
In Chap.II, the relationship between the flux tilt and the eigenvalue separation based on the EHP method is described. In Chap.III, experimental methods and results are presented. In Chap.IV, methods of calculation are described and calculated values are compared with experimental ones. The conclusion of the present study is summarized in Chap.V.
II. APPLICATION OF THE EHP METHOD TO AN AXIALLY DECOUPLED CORE
A perturbed neutron flux is expanded in a series of perturbation terms using the EHP method (16) (17) . Using Hashimoto's formulae (13) in consideration of up to the first order term, the perturbed neutron flux is described as follows: (1) where p': Perturbed neutron flux p : Unperturbed neutron flux m n: Inverse of the nth lambda-mode eigenvalue m0
: Inverse of the fundamental lambda-mode eigenvalue pn : Unperturbed eigenfunction of the nth-mode p+n : Unperturbed adjoint eigenfunction of the nthmode d M: Change in the production operator due to a perturbation d L: Change in the destruction operator due to a perturbation M: Production operator of the unperturbed system and <,> means energy and space integrals over the whole core.
Here, we took into account only the first-mode harmonics, because the first-mode is excited more remarkably than any other higher-modes in the present decoupled system. Then Eq.(1) is written as follows: (2) where ES1 is the eigenvalue separation defined as
and p0 is a power normalization factor given by the following equation: p =p0p0.
We define the flux-tilt value t with the perturbed flux p' as follows: (5) where <>L, <>U, and <>L+U are energy and space integrals over the lower, upper, and both core regions, respectively. This expression was derived from the formulation of Rydin et al. (11) In this study, we measured the reaction rate distributions using gold wires to obtain the flux-tilt value. With the assumption that the flux change by the perturbation is independent on the neutron energy, the perturbed flux p' in Eq .(5) can be replaced with the reaction rate as (6) where SAu is the macroscopic absorption cross section of the gold wire and <SAup'> the space integral of the gold wire reaction rate distributions . In Eq.(2), m0 equals unity because keff was unity when the reaction rate was measured. The flux-tilt value is derived by inserting the perturbed flux given by Eq. (2) into Eq.(6): (7) under the assumptions that the neutron flux is symmetric in the axial direction in the unperturbed system; <S Aup>L=<SAup>U, and the perturbed reaction rate can be normalized as <S Aup'>L+U=<SAup>L+U.
When a core is symmetric in the axial direction, the first-mode eigenfunction in Eq. (7) is written as <S Aup1>L=-<SAup1>U.
Using Eqs. (4) and (8), we can rewrite Eq. (7) as (9) <p+1, (d M-dL)p0>/<p+1, Mp1> in Eq. (9) means the inserted reactivity worth due to the first-mode excitation. To simplify Eq. (9), we assumed that the absolute value of the first-mode forward and adjoint eigenfunctions can be approximated by the fundamental mode forward and adjoint eigenfunctions, respectively. This assumption is applicable to a decoupled system where neutronic coupling is very loose and the first-mode is very close to the fundamental mode. Using the above assumption and taking account that the signs of both the forward and adjoint eigenfunctions of the first-mode are reversed between the upper and lower cores, the first-mode reactivity worth can be approximated by the difference between the perturbation reactivities added to the lower and upper cores due to the fundamental mode as and the following relation is obtained:
Finally, t is approximated to t =|rL-rU|/ES1 .
Equation (10) indicates that flux-tilt value t is proportional to the perturbation reactivity |rL-rU| and inversely proportional to ES1 . The eigenvalue separation (ES1) can be obtained from measured values t and |rL-rU|.
An equation similar to Eq.(10) is also shown in Ref. (13) . The method used in Ref. (13) was to multiply the left of Eq.(1) by the production operator M and adjoint eigenfunction p+n. In the present study, however, the perturbed neutron flux was simplified as Eq. (2) with the assumption that higher modes except the first-mode are negligible for the decoupled system, and was inserted into the equation for the flux-tilt value t(Eq. (6)).
III. EXPERIMENTAL PROCEDURE AND RESULTS 1. Description of an Axially Decoupled Core at the KUCA Experiments of the axially decoupled core were carried out by using a solid moderated core at the KUCA. All fuel plates and various material plates used in the KUCA solid moderated core are 2 inch-square (5.08cm-square) in size and are piled up in an aluminum sheath to compose a fuel rod or a reflector rod. An experimental core is assembled by arranging the fuel rods and the reflector rods vertically side by side. The core employed in the experiments was an axially coupled core with an internal blanket region between the upper and lower core regions which acted to loosen the neutronic coupling between the two core regions.
In fuel rods used to construct the core, a core material is separated by the internal blanket material as shown in Fig. 1 . The core region consists of 93.2% highly enriched uranium-aluminum alloy plates and polyethylene moderator plates. The blanket region contains natural uranium-metal plates and polyethylene plates. The is selected to be 52.0 in the core region to realize an intermediate neutron spectrum. The moderator to fuel volume ratio (Vm/Vf) is 0.972 in the core region and 1.01 in the blanket region. These ratios were decided considering the conceptual design of axially heterogeneous HCLWR (2) proposed by JAERI. A view of horizontal cross section of the experimental core is shown in Fig. 2 . The critical core consists of 33 fuel rods surrounded by polyethylene reflector rods. The volume of each core region is 2.338x104cm3 and that of the blanket region 2.264x104cm3. Three control rods (CRs) are located in the reflector region adjacent to the core region and are inserted vertically to adjust the criticality. Three safety rods (SRs) are fully withdrawn during the reactor operation. These CRs and SRs are 3.57cmpx150mL in size and contain B2O3 absorber. The critical mass of the present core is 13.0kg of 235U , which is almost as twice as that of a critical core without the internal blanket (critical mass is 6.9kg of 235U) . This fact indicates that the neutronic coupling between the upper and lower cores is quite loose. Therefore, it is expected that the first-mode harmonics is easily excited by a perturbation and that the excitation of the other higher modes than the first-mode is negligible under the present condition. The loose coupling between the two core regions will cause the flux tilt in the axial direction and this will have a significant effect on the control rod worth because the rods are driven in the axial direction. It is very interesting that the axially loose neutronic coupling of the present core shows different neutronic characteristics from the previous ZPPR core experiments whose neutronic coupling was loose in the radial direction.
Control Rod Worth Measurement
The control rod worth was calibrated by measuring the stable reactor period by withdrawing the CR No.1 (CR#1) step by step from the lower limit (the bottom of the lower reflector) to the upper limit (the top of the upper reflector). The CR No.3 (CR#3) was used for the reactivity compensation during the measurement of the CR#1 differential reactivity worth. The reactivity worth that corresponds to the withdrawing stroke of CR#1 was obtained using the inhour equation. The total rod worth of each CR was measured by the rod drop method.
The result of the measurement is shown in Fig. 3 . It is clear that the differential reactivity worth of CR#1 had two peaks corresponding to each core region and was asymmetric over the two core regions. The difference in the differential reactivity worth between the two peaks was about 35%. The CRs were inserted in the half way and the negative reactivity contribution to the core was asymmetric over the upper and lower core regions. This unbalance of the reactivity contribution to the upper and lower parts of the reactor caused the tilt in neutron flux and resulted in the difference of the reactivity worth mentioned above. It can be considered that the flux distribution was tilted by the withdrawal of the control rod (CR#1) itself and the flux tilt was emphasized by the insertion of CR#3 used for the reactivity compensation. Moreover, it is considered that the magnitude of the flux tilt varied depending on the positions of CR#1 and CR#3. It can be concluded that the interference effect on the control rod worth is stronger in an axially decoupled core than in a core composed of a single core region.
Measurement of Flux Tilt by Reaction
Rate Distribution We measured the axial reaction rate distributions in detail to investigate the behavior of the flux tilt which caused the asymmetric differential worth of CR#1 and to obtain the eigenvalue separation by the flux tilt measurement. Reaction rates were measured using gold wires (0.05cmpx100cmL). We used two types of gold wires; bare gold wires for the total energy range and Cd-covered gold wires for the epithermal energy range. A pair of these wires was placed 5.53cm apart in parallel along the air gap between the neighboring aluminum sheaths as shown in Fig. 2 and was irradiated simultaneously. They were removed from the core after the irradiation and were cut every 1cm. The reaction rate distributions were obtained by measuring g-rays from 198Au for each piece of the cut wires using an well-type NaI (T1) scintillation detector. These procedures were taken under the two different insertion patterns of CRs; one is the refer- ence system almost without the flux-tilt, and the other is the tilted system. The reference system: In the reference system, CR#1 was fully inserted and CR#2 was fully withdrawn. Although CR#3 was partially inserted about 3cm in the upper core to attain the criticality, this would not cause a significant flux tilt. The reactivity worth introduced by the CRs was almost symmetric over the upper and lower cores.
The tilted system: In the tilted system, all CRs (CR#1, CR#2, and CR#3) were inserted down to the bottom of the upper core. The reactivity worth introduced by the CRs was significantly asymmetric over the upper and lower cores.
Two gold foils (1cmpx0.005cmt) were irradiated at the center of the upper and lower cores simultaneously with the gold wires to normalize the reaction rate distributions of the two systems. The reaction rate distributions in the two systems were compared to determine the flux tilt.
The measured results of reaction rate distributions of the bare and Cd-covered gold wires are shown in Figs. 4 and 5, respectively. From these figures, it can be seen that the axial flux distributions in each core region had a cosine shape, which indicates that the neutronic coupling of the present core was very loose. Both reaction rate distributions of the bare and Cd-covered gold wires in the tilted system were tilted significantly. The The ratio of the reaction rate distribution of the tilted system to that of the reference system is shown in Fig. 6 . Distributions of reaction rate ratio between the bare gold wire and the Cd-covered one (the Cd ratio) are shown in Fig. 7 for the reference and tilted systems. Figure 6 shows that the ratios of the reaction rate distribution of the tilted system to that of the reference system were constant in the core regions. This figure also shows that the discrepancy between the ratios of the reaction rate distributions measured by the bare and Cd-covered gold wires was very small. Figure 7 shows that the Cd ratio of the both systems were the same with each other and the Cd ratio was almost constant in the core region. From these results, it can be concluded that the reaction rate distributions of the bare and Cd-covered gold wire were tilted with the same ratio which indicates that the flux distribution was tilted without energy dependency. This fact demonstrates that the assumption adopted to derive Eq.(6) in Chap. II was reasonable. 
Eigenvalue Separation Measurement
The flux-tilt value t was calculated for both the bare and Cd-covered gold wires using Eq.(6). The reactivity worth caused by inserting CRs during the irradiation of each gold wire was estimated by the following procedures: The detailed calibration curve of CR#1 was obtained by fitting a cubic spline curve through the measured data as shown in Fig. 3 . The calibration curves of CR#2 and CR#3 were assumed to be the same in shape as that of CR#1, and normalized to the total rod worth measured by the rod drop method. Thus the value of the perturbation reactivity |rL-rU| in Eq.(10) was determined by summing up the difference between the perturbation reactivities added to the lower and upper cores by each CR. Evaluated values of t and |rL-rU| for each system are shown in Table 1 . Figure 8 shows the relationship between t and |rL-rU| for the reference and the tilted systems. From this figure, it can be seen that the flux-tilt value is proportional to the perturbation reactivity. From Eqs. (6) and (10), the eigenvalue separation (ES1) values were obtained from the gradient of the line shown in Fig. 8 . The values were 3.58+-0.11 (%Dk/k) and 3.51+-0.11 (%Dk/k) from the measurements by the bare and Cd-covered gold wires, respectively. The eigenvalue separation of the present core was determined as ES1=3.55+-0.08 (%Dk/k) by averaging the above two values. This value of the ES1 indicates that the neutronic coupling of the present core was very loose even though the core was small.
IV. COMPARISON BETWEEN CALCULATED AND MEASURED RESULTS

Method of Calculation
The calculation for the axially decoupled core was carried out using the SRAC system (18) to validate accuracy of the calculation method for a decoupled system and to obtain the eigenvalue separation of the core. Nuclear data library used in the calculation was based on JENDL-2 (19) . In a resonance energy region (130eV-0.683eV), effective microscopic cross sections were calculated by the collision probability method with ultra-fine energy group structure (PEACO (20) ) for the core and blanket regions. In the other energy range, the table-look-up method was used. The neutron flux distributions with fine structures in the core and blanket cells were calculated by the collision probability method with 107-group energy structure in a one-dimensional infinite slab geometry. By using the fine structures of neutron flux, cell averaged homogenized macroscopic cross sections were obtained for the core and blanket regions. The homogenized cross sections of each region were collapsed to 26-groups for each region by assuming that the B1-equation is applicable. Neutron flux distribu- Fig. 7 Comparison between the measured Cd ratio distributions in the reference and tilted systems Table  1 The flux-tilt value and perturbation reactivity t: Calculated by Eq. (6) tions in the whole core and the effective multiplication factor (keff) of the core were calculated using a diffusion calculation code CITATION (21) with the 26-group homogenized cross sections in an X-Y-Z geometry. In the calculation for the gold wire reaction rate distribution, a so-called clean core model was used, in which CRs and void channels are substituted by the polyethylene reflectors. On the other hand, void channels remained after the withdrawal of CRs and SRs were considered explicitly to calculate the eigenvalue separation. The gold wire reaction rate distribution was calculated by summing up the products of the axial neutron flux and the effective absorption cross section of the gold wire over the neutron energy. The eigenvalue separation (ES1) was derived from the effective multiplication factors calculated by CITATION; the fundamental eigenvalue (l0) is calculated as keff of the whole core and the first-mode eigenvalue (l1) is calculated as keff of the half core by assuming a zero flux boundary condition at the mid-plane of the internal blanket region.
Comparison and Discussion
The C/E value of keff for the clean core was 0.994. The calculated Cd ratio distribution in the reference system agreed well with the measured one as shown in Fig. 9 . The method of calculation employed in the present study was considered to be applicable to a highly decoupled system in terms of the criticality and the neutron flux distribution.
The measured and calculated eigenvalue separations (ES1's) are shown in Table 2 together with the calculated fundamental eigenvalue (l0) and the first-mode eigenvalue (l1). Though the calculated ES1 agreed with the measured one (3.55+0.08 (%Dk/k)) within 6%, the present calculation underestimated the measured value beyond the experimental error. It is considered that there was a certain difficulty to measure accurately the inserted reactivity worth due to the neutronic decoupling, because the interference effect on the control rod worth was significant as described in Sec.III-2. The assumption adopted to derive Eq. (10) , that the first-mode reactivity worth can be approximated by the fundamental mode reactivity worth, is considered to be one of the factors for the discrepancy between the measured and calculated values. Furthermore, the method of calculation used to obtain ES1 was a convenient method in which l1 was calculated as keff of the half core under the assumption of a zero flux boundary condition at the midplane of the internal blanket. For the further discussion on the accuracy of calculation to obtain ES1, it would be necessary to execute the higher-mode eigenvalue calculations with multi-groups and multi-dimensions.
V. CONCLUSION
We carried out experiments at the KUCA to investigate the neutronic characteristics of an axially decoupled core where the neutronic coupling was very loose. The following conclusions were obtained from the exper- (1) Measured differential reactivity worth of a CR was apparently asymmetric over the two core regions. It was found that the interference effect on the control rod worth was stronger in an axially decoupled core than in a single core. The flux distribution was tilted by the insertion of CRs and the magnitude of the flux tilt varied considerably depending on the position of each CRs. (2) The flux tilt was measured in detail through the measurement of axial reaction rate distributions using gold wires with and without the insertion of CRs. It was found that the global neutron flux distribution was tilted by the local perturbation and that the flux change caused by the perturbation was independent on the neutron energy. (3) The flux tilt was described with the first-mode eigenvalue separation using the perturbation theory (the EHP method). We applied this interpretation to the analysis of the present experiments and obtained the first-mode eigenvalue separation as ES1=3.55+-0.08 (%Dk/k). (4) The calculation was performed using the SRAC system. The method of calculation was considered to be applicable to a highly decoupled system in terms of the criticality and the neutron flux distribution. The calculated first-mode eigenvalue separation agreed with the experimental one within 6%.
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